Abstract Mesenchymal stem cells (MSCs) are considered to be one of the most promising therapeutic cell sources as they encompass a plasticity of multiple cell lineages. The challenge in using these cells lies in developing well-defined protocols for directing cellular differentiation to generate a desired lineage. In this study, we investigated the effect of 5-azacytidine, a DNA demethylating agent, on osteogenic differentiation of MSCs. The cells were exposed to 5-azacytidine in culture medium for 24 h prior to osteogenic induction. Osteogenic differentiation was determined by several the appearance of a number of osteogenesis characteristics, including gene expression, ALP activity, and calcium mineralization. Pretreatment of MSCs with 5-azacytidine significantly facilitated osteogenic differentiation and was accompanied by hypomethylation of genomic DNA and increased osteogenic gene expression. Taking dlx5 as a representative, methylation alterations of the ''CpG island shore'' in the promoter caused by 5-azacytidine appeared to contribute to osteogenic differentiation.
Introduction
Bone tissue engineering and reconstructive surgery have become a major focus in the newly emerging field of regenerative medicine (Meijer et al. 2007) . In this respect, stem cell-based transplantation therapy appears to hold particular promise. Mesenchymal stem cells (MSCs) are considered to be one of the most useful cell sources for clinical application in tissue regeneration, including bone repair, because they can produce multiple tissues, such as bone, cartilage, fat, tendon, muscle, liver and neurons (Koc and Lazarus 2001; Anjos-Afonso et al. 2004) . Compared with embryonic stem (ES) cells, the therapeutic applications of MSCs present several advantages; for example, MSCs are readily accessible from bone marrow, they possess lower risks of immunorejection or of teratoma formation and they are not subject to the same ethical controversies (Chen et al. 2008) .
The essential prerequisite for the clinical application of MSCs is to develop well-defined protocols for directing cellular differentiation into a distinct lineage, followed by in vitro selective isolation and proliferation. This necessitates reducing the likelihood of spontaneous differentiation of MSC into divergent lineages, which could in turn reduce the efficacy of cell transplantation therapy. There have been several protocols available for osteogenic differentiation from MSCs; for example, the protocol based on a chemical cocktail comprising dexamethasone, L-ascorbic acid (vitamin C), and beta-glycerol phosphate (Jaiswal et al. 2000) . However, a highly reproducible method to acquire abundant functional osteoblasts still remains elusive.
In recent years chemicals such as histone deacetylase inhibitors (HDACi), which participate in epigenetic modification by histone acetylation of chromatins, have emerged as a new class of chemotherapeutic drugs for cancer clinical therapy. Their main virtue lies in their ability to regulate the expression of specific genes involved in proliferation, differentiation, and apoptosis (Chen et al. 2006 ). Because of their biological similarities to cancer cells, stem cells have also been tested for responses to HDACi, especially in terms of stem cell specialization. Thus, differentiation events such as cardiomyocyte differentiation from embryonic stem cells (Hosseinkhani et al. 2007 ), neuronal differentiation from neural stem cells (Hsieh et al. 2004 ) and osteogenic differentiation from MSCs (Chen et al. 2007 ) have been investigated. These studies in turn have initiated new investigations into the relationship between epigenetic modifications of chromatin and stem cell differentiation.
DNA methylation is one of the most important epigenetic mechanisms, with known involvement in diverse genetic events such as gene expression, chromatin modification, X chromosome inactivation, genomic imprinting, and endogenic gene silencing (Sulewska et al. 2007 ). In addition, alterations in DNA methylation are closely related to the presentation of many diseases, including cancer. DNA methylation is also crucial for maintaining pluripotency and self-renewal of stem cells.
Genes that maintain pluripotency are usually activated when hypomethylated, while genes associated with differentiation are repressed by hypermethylation (Fouse et al. 2008) . Currently, much attention is being paid to the effects of DNA methylation on stem cell differentiation. Nevertheless, relatively little documentation exists regarding the effects of DNA demethylation on stem cell differentiation. In the present study, we used 5-azacytidine, an analog of cytidine and a useful demethylating agent for epigenetic research (Christman 2002) , to examine osteogenic differentiation in MSCs and its underlying mechanism. Pretreatment of MSCs with 5-azacytidine considerably reduced methylation of promoters, resulting in increased osteogenic gene expression and cellular differentiation. The results presented here provide new insight into the role of DNA methylation in stem cell specialization, and introduce a welldefined and efficient strategy for promoting osteogenesis in MSCs.
Materials and methods

Experimental animals
A total of 6-8-week-old male ICR mice obtained from the Laboratory Animal Unit of Zhejiang Academy of Medical Sciences (Hangzhou, People's Republic of China) were used in the experiments.
Isolation and culture of MSCs from mouse bone marrow
Mice were sacrificed by cervical dislocation, bone marrow cells were collected by flushing femurs with Iscove's modified Dulbecco's medium (IMDM, Sigma, St Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone, Rockville, MD), 100 U/mL penicillin (Gibco BRL, Rockville, MD), and 100 mg/mL streptomycin (Gibco BRL) (Medium A). Cells were seeded on T-175 flasks (Greiner BioOne GmbH, Frickenhausen, Germany) at concentration of 5 9 10 6 /mL cells. After 24 h, non-adherent cells and debris were removed. Cells were harvested by 0.25% trypsin-EDTA (Sigma) when they had grown to 90% confluence. For most of the experiments, we used MSCs at the 3rd-5th passage. Media were changed twice a week during culture.
Identification of isolated MSCs
The isolated MSCs were identified by their antigen expression profiles. Briefly, cells were harvested by trypsinization and incubated with the following rat to mouse monoclonal antibodies: FITC-conjugated CD11b and CD45, PE-conjugated CD44, CD73, CD90 and SCA-1 (all from Caltag Laboratories, San Diego, CA, USA). The cell fluorescence signals were determined using a FACScan flow cytometer (Becton Dickinson, San Jose, CA) equipped with an argon laser, with emission at 488 nm. At least 10,000 events were collected. Data were analyzed with Cell Quest Software (Becton Dickinson).
Effect of 5-azacytidine on MSC viability
To evaluate appropriate dosage for subsequent experiments, the cytotoxic effects of 5-azacytidine on MSCs was examined. Cells were cultured in 96-well plates at a concentration of 2 9 10 3 cells/well in Medium A, and various concentrations (0, 2.5, 5, 10, 20, 40, 80, 120 or 160 lM) of 5-azacytidine were added when cells had reached 50% confluence. After 24 h, cellular viability was assessed with the MTT assay (Freimoser et al. 1999) . Cell numbers were also counted by hemocytometer. Measurements were performed in quadruplicate, and percent viability was calculated relative to the untreated samples.
Osteogenic induction in MSCs
To test for osteogenic induction, MSCs at 50% confluence were pretreated with different concentrations (0, 10, 20 or 40 lM) of 5-azacytidine for 24 h. The cells were then incubated in a differentiation medium for 2 weeks, with medium changes every 3 days. The differentiation medium was composed of IMDM supplemented with 10% FBS, 10 -8 M dexamethasone (Calbiochem, Darmstadt, Germany), 50 lM ascorbic acid 2-phosphate (Fluka Chemie GmbH, Buchs, Switzerland), and 10 mM b-glycerol phosphate (Sigma).
Alkaline phosphatase assays
Alkaline phosphatase (ALP) activity was detected by biochemical assay and histochemical staining of cells after osteogenic induction for 7 or 14 days. In the biochemical assay, cells were washed three times in PBS and resuspended in lysis buffer (50 mM TrisHCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate). After sonication, the lysates were spun at 3,000 rpm for 15 min at 4°C. Enzyme activity in the supernatants was determined using an ALP Detection Kit (Sigma) according to the manufacturer's instructions. For histochemical staining of ALP, a modified Gomori staining was performed as previously reported (Imre and Fekete 1983) . The percentage of cells staining positive for ALP was determined by counting cell numbers in 10 contiguous fields after random starts.
Determination of calcium mineralization
Cells were fixed in 4% paraformaldehyde after 14 days of culture, and stained with 0.1% alizarin red S (Sigma) for 20 min. Mineralization was quantified by measurement of the average photodensity of calcium mineralization with a pathology image analysis system (Mike Audi Image Analysis Inc. China). The data from 5-azacytidine pretreated samples were presented as a percentage of control. Measurements were carried out in duplicate and each experiment was repeated at least three times.
Osteogenic gene expression by real-time PCR analysis
After osteogenic induction for 7, 11 or 14 days, total RNA was isolated using TRIZOL (Invitrogen) according to the manufacturer's instructions and quantified by UV spectroscopy. One microgram of total RNA was reverse-transcribed to complementary DNA using Super Script III first-strand synthesis system (Invitrogen) with oligo (dT) and random hexamer primers. Real-time PCR was performed with Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) according to the manufacturer's instructions. The PCR profile was as follows: 1 cycle at 94°C for 2 min, 40 cycles at 94°C for 20 s, 65°C for 20 s, and 72°C for 20 s. Signals were detected with a Realplex5 Real-Time PCR System instrument (Eppendorf, Germany). Gene-specific primers for GAPDH, dlx5, runx2, col1a1, osterix, and osteocalcin are listed in Table 1 . All transcript levels were normalized to that of GAPDH.
Collagen type I immunofluorescence staining
MSCs were fixed in 4% paraformaldehyde after 14 days of culture. After washing with PBS, they were blocked with 5% normal goat serum and then incubated with Rat Anti-Mouse monoclonal antibodies against collagen type I (1:100, Abcam, USA). Sequentially, the samples were incubated with secondary FITC-labeled goat anti-rat antibodies (1:200 Caltag Laboratories) to detect the primary antibodies. Images were collected and analyzed with a Zeiss LSM 510 laser scanning confocal microscope (Germany).
Methylation analysis of genomic DNA Genome-wide methylation levels in 5-azacytidine pretreated MSCs were analyzed by a combination of methylation-insensitive digestion method that cuts CCGG sites regardless of methylation status (Msp I, TaKaRa) and methylation-sensitive digestion (Hpa II, TaKaRa), that cuts only if the internal site C is unmethylated. Total genomic DNA was isolated using a DNeasy Tissue Kit (Qiagen, Hilden, Germany) as per the manufacturer's instructions. After treatment with Rnase A for 30 min at 37°C, 2 lg of genomic DNA was digested with Hpa II and Msp I (20 U in 40 lL reaction volume) for 16 h at 37°C. Digestion products (20 lL) were visualized by electrophoresis in an ethidium bromide stained 0.8% agarose gel.
Bisulfite sequencing
Bisulfite conversion was performed as previously described (Irizarry et al. 2009 ). Briefly, total genomic DNA was isolated from 5-azacytidine-pretreated MSCs using a DNeasy Tissue Kit (Qiagen). Two micrograms of genomic DNA were denatured in a volume of 50 lL by freshly prepared NaOH (final concentration 0.3 M) for 30 min at 42°C. After denaturation, 30 lL freshly prepared Hydroquinone (10 mM) and 510 lL Sodium bisulfite (3.6 M, pH 5.0) were added, and incubated at 50°C for 16 h. Modified DNA was purified using the DNeasy spin column (Qiagen) and eluted in 50 lL. This was followed by desulfonification by adding 5.5 lL NaOH (3 M) for 15 min at 37°C. Samples were neutralized by adding 33 lL ammonium acetate (10 M, pH 7.0), followed by ethanol precipitation and resuspension in water. Nested primers (shown in Table 1 ) were used for PCR analysis, and the products were gel purified using the Qiaex II Gel Extraction kit (Qiagen). They were then cloned into pUCm-T vector (Sangon, China) and transformed into E. coli strain DH5a. DNA samples from six positive clones per original set of cells were sequenced. The dlx5 promoter sequence was analyzed at UCSC (http://genome.ucsc.edu/), and the patterns of methylation were evaluated using DNAMAN (Lynnon Corporation, Canada).
Statistical analysis
All data were presented as the mean value ± standard deviation (SD) of each group. Variation between groups was evaluated using the Student's t-test, with a confidence level of 95% (P B 0.05) being considered statistically significant.
Results
Characterization of the isolated MSCs
The freshly isolated MSCs from murine bone marrow consisted predominantly of round-shaped erythrocytes and nonadherent hematopoietic cells. After 24 h, nonadherent cells were removed by changing the culture medium. Cells with a spindle-shaped characteristic appeared to be predominant among the attached cells by day 5 (Fig. 1a) . MSCs were subcultured when they had grown to 90% confluence. Most of the 3rd passage MSCs presented a fibroblast-like phenotype (Fig. 1b) . In the immunophenotypic analyses, the majority of the cells at passage 3 were negative for CD11b and CD45, while positive for CD44, CD73 and SCA-1 (Fig. 1c) , also known as the cell-surface antigens of MSCs (Dominici et al. 2006; Chen et al. 2008) . It is shown that about 77% of MSCs in our research were CD90 positive cells, indicating that the MSCs were not a homogeneous population. MSC cultures have been reported to consist of two different cell types, i.e., slowly renewing MSCs (SR-MSCs) and rapidly renewing MSCs (RS-MSCs). The latter has little or no expression of CD90 (Delorme et al. 2006) . Thus, the MSCs isolated in our experiment may contain both of these cell populations, although the majority seems to be SR-MSCs.
Cytotoxic effect of 5-azacytidine on MSCs
The cytotoxic effect of 5-azacytidine on MSCs was determined by cellular viability analysis and cell counting assays. Little decrease in cell viability or cell numbers was seen when MSCs were treated for 24 h with 5-azacytidine at concentrations below 10 lM (Fig. 1d) . The 50% inhibitory concentration of 5-azacytidine for MSCs was about 40 lM, at which level the cellular viability was reduced by nearly 50% and the cell numbers were decreased by 15% when compared with the untreated control groups. Therefore, concentrations between 0 lM (control) and 40 lM were considered to be moderate and were chosen for use in subsequent experiments.
Alkaline phosphatase assay
Alkaline phosphatase (ALP), a membrane-bound enzyme abundant in early bone formation, plays important roles in osteogenesis. As such, it is widely used as an differentiation marker associated with osteogenesis (Dimai et al. 1998; Avbersek-Luznik et al. 2007 ). In the present study, about 46% of the cells were capable of developing into ALP positive cells under normal inducing condition, without pretreatment with 5-azacytidine. However, when cells were pretreated with 10 lM 5-azacytidine, the percentage of ALP positive cells was increased to 91%, which was significantly (P \ 0.05) higher than the control groups (Fig. 2a, c) . In parallel, the activity of ALP was significantly (P \ 0.05) up-regulated in the 5-azacytidine pretreated group, which was in accordance with that of ALP positive cells (Fig. 2c) . Treatment of cells with 5-azacytidine at concentrations higher than 10 lM decreased the percentages of ALP positive cells and ALP activity, indicating that 10 lM was an optimal dosage for the induction of osteogenic differentiation. In our experiment, two groups of MSCs were pretreated with 10 lM 5-azacytidine for 7 or 14 days. Expression of ALP was clearly increased by 5-azacytidine in both time treatments (Fig. 4a, b) .
Calcium mineralization determination
Alizarin red S staining was used to determine the level of calcium mineralization, which was also an indicator of the degree of osteogenic differentiation. The presence of 10 lM 5-azacytidine resulted in a deeper intensity of alizarin red S staining, which indicated enhanced calcium mineralization compared with control groups (Fig. 2b, d) . However, when the concentration reached 40 lM, the calcium mineralization intensity declined. This result was consistent with that obtained for ALP assays. Therefore, 10 lM 5-azacytidine was chosen to promote osteogenic differentiation in all subsequent experiments.
Changes in gene expression in 5-azacytidine pretreated MSCs
The expressions of runx2, col1a1, osterix, and osteocalcin are hallmarks of osteogenesis, while dlx5 is an important transcription factor that regulates runx2 and osterix expression. In our experiments, expressions of dlx5, runx2, col1a1, osterix and osteocalcin were increased following 5-azacytidine treatment at day 7, 11, or 14 (Fig. 3) . Pretreatment of MSCs with a suitable concentration of 5-azacytidine therefore could promote osteogenic differentiation.
Dose-dependent effects
Osteogenic differentiation was evaluated by examining the levels of collagen type I, another hallmark of osteogenic differentiation. As shown in Fig. 4c, d , the fluorescence intensity of collagen type I increased in a dose-dependent manner in groups pretreated for 24 h with a range of 5-azacytidine concentrations between 2 and 10 lM.
Methylation analysis of genomic DNA
Genomic DNA was digested with a pair of isoschizomers, Msp I and Hpa II, which possess different sensitivities to DNA methylation. As shown in Fig. 5a , genomic DNA from both control and 5-azacytidine pretreated MSCs was completely digested by Msp I, but only partially digested by Hpa II. In the Hpa II digestion experiment, the DNA sample isolated from 5-azacytidine pretreated MSCs appeared to be more sensitive to Hpa II in comparison with that from the control cells. This suggested that methylation might be essential for the growth and maintenance of MSCs. Treatment of MSCs with 5-azacytidine substantially decreased the methylation level of genomic DNA, in agreement with previous observations that 5-azacytidine acts as a demethylating chemical in cancer cells (Christman 2002; Halaban et al. 2009 ). Hypomethylation of genomic DNA might therefore be involved in osteogenic differentiation.
Bisulfite sequencing of the dlx5 promoter
To determine whether the increased expression of osteogenic genes in MSCs had an underlying epigenetic basis, the DNA methylation status in dlx5 promoter was examined by bisulfite sequencing. A schematic overview of the promoter structure is shown in Fig. 5b . Two regions in the promoter were selected, one (region1, -1,133 to -668) was in the CpG island shore and the other (region2, ?190 to ?375) was in the CpG island, which is located from -400 to ?929 bp relative to the transcription start site. CpG hypermethylation was detected within the CpG island shore in control MSCs. After treatment with 10 lM 5-azacyticine for 24 h, the methylation level of this region was clearly reduced from 74 to 37% (Fig. 5c ). Methylation was almost completely absent at region2 of the CpG island where CpG density is high, but DNA methylation in this region still decreased in response to 5-azacytidine (Fig. 5d) . Fig. 3 RT-QPCR analysis of osteogenic genes. MSCs pretreated with 10 lM 5-azacytidine for 24 h were induced for 7, 11 or 14 days in osteogenic medium before analysis. Each gene expression was normalized to GAPDH (*P B 0.05, **P B 0.01)
Discussion
Differentiation involves a number of key cellular changes involving physiology, structural architecture, and function (Yeo et al. 2007 ). The derivation of specific somatic cells from pluripotent stem cells also occurs in a well organized and programmed manner. Every event in the course of differentiation should therefore be accompanied by coordinated expression and repression of different subsets of genes (Yeo et al. 2007 ). DNA methylation is one of epigenetic mechanisms known to regulate chromatin organization and gene expression, but is also a reversible process, which allows for differentiation-associated gene expression. Therefore, elucidating the mechanistic relationship between DNA methylation patterns and gene regulation during stem cell differentiation should improve our understanding of differentiation-associated cellular changes. This, in turn, may facilitate the development of manipulation procedures that will allow the control of stem cell differentiation into a desired cell type. For studies of DNA methylation, 5-azacytidine is a very effective tool, as it can be incorporated into DNA to form covalent adducts with cellular DNA methyltransferase 1 (DNMT1). This results in a decrease in the activity of DNMT1 and causes demethylation of genomic DNA (Juttermann et al. 1994) . At this point in time, 5-azacytidine is now widely used in cancer therapies as an anticancer agent. It is believed that hypomethylation evoked by 5-azacytidine can increase expression of a great number of genes, such as the tumor suppressor genes p16, p21 and p53, by changing the epigenetic modification patterns of the cellular DNA (Fang and Lu 2002; Egger et al. 2007; Wu et al. 2007 ). However, whether 5-azacytidine is directly involved in stem cell differentiation remains in question (Liu et al. 2003; Antonitsis et al. 2007; Burlacu et al. 2008) . There is little documentation to show effects of 5-azacytidine on osteogenic differentiation or to explain its mode of action during this process. For example, 5-azacytidine has been reported to modulate the expression of alkaline phosphatase, but had no effect on the production of osteocalcin in human bone marrow fibroblasts or osteoblast-like cell (MG63) models (Locklin et al. 1998) . In the present study, we investigated the effects of 5-azacytidine on the osteogenic differentiation of MSCs. Pretreatment of MSCs with an appropriate concentration of 5-azacytidine significantly promoted osteogenic differentiation, as determined by enhanced expression of dlx5, runx2, col1a1, osterix, and osteocalcin, by increased activity of ALP, and by facilitated mineralization of calcium. Furthermore, the 5-azacytidine-facilitated osteogenic differentiation was accompanied by the hypomethylation of genomic DNA, suggesting that epigenetic regulation mediated by DNA demethylation occur during osteogenic differentiation.
As further evidence, methylation patterns of an osteogenic differentiation-regulated gene (dlx5) were examined. The methylation changes of the dlx5 promoter occurred in both the ''CpG island'' region and the ''CpG island shore'' regions, the latter of which has been recently found to be important for the DNA methylation-mediated regulation of gene expression (Irizarry et al. 2009 ). In MSCs, CpG hypermethylation was present within the ''CpG island shore'' region, whereas little methylation was detected in the ''CpG island'' region (Fig. 5c, d ). After treatment with 5-azacyticine, hypermethylation of the ''CpG island shore'' region was significantly reduced from 74 to 37%, while there was still little methylation in the ''CpG island'' region. This suggested that methylation in ''CpG island shore'', rather than in ''CpG island'', as previously presumed, was involved in the regulation of dlx5 expression. Methylation alteration in the ''CpG island shore'' caused by 5-azacytidine appeared to be a potential contributor to osteogenic differentiation.
Another possible mechanism for 5-azacytidineinduced cell differentiation may be that a cell subpopulation is selected for by the treatment of a cell population with this chemical (Halaban et al. 2009 ). However, the present study indicated that 5-azacytidine-elevated osteogenic gene expression and differentiation were accompanied by a decrease in DNA methylation, but not in cell numbers. Thus, DNA demethylation, rather than cell selection, may largely contribute to 5-azacytidine-promoted osteogenic differentiation.
In mammals, DNA methylation is restricted to the CpG dinucleotides, which are largely depleted from the genome except at short genomic CpG-rich regions called CpG islands that are commonly located at promoters. For a long period of time, it was generally believed that DNA methylation and its mediated epigenetic regulation occurred within the CpG islands (Issa 2004; Sato and Meltzer 2006; Teodoridis et al. 2008; Harder et al. 2009 ), and little attention was paid to the methylation in CpG islands 'shores'. However, recent research has shown that most methylation alterations in colon cancer occur in CpG islands shores (Irizarry et al. 2009 ). Thus, the observation that methylation in CpG islands shores was involved in MSC gene regulation may provide new insights into the role of DNA methylation in stem cell differentiation.
